Abstract The purpose of this study was to investigate the alterations in serum heat shock protein (Hsp) 70 levels during a 15-consecutive-day intermittent heat-exercise protocol in a 29-year-old male ultra marathon runner. Heat acclimation, for the purpose of physical activities in elevated ambient temperatures, has numerous physiological benefits including mechanisms such as improved cardiac output, increased plasma volume and a decreased core temperature (T c ). In addition to the central adaptations, the role of Hsp during heat acclimation has received an increasing amount of attention. The acclimation protocol applied was designed to correspond with the athlete's tapering period for the 2007 Marathon Des Sables. The subject (VO 2 max=50.7 ml·kg −1 ·min −1 , peak power output
Introduction
Exercising in hot and humid environments is a challenge to both recreational and competitive athletes. Work performance and the threat of illness are greatest during the first week of unaccustomed heat exposure (Taylor 2006) and, therefore, illustrate the importance of heat acclimation for athletes competing in a hot environment. The physiological benefits of heat acclimation are numerous and include such mechanisms as improved cardiac output (resulting from an increased stroke volume without a compensatory increase in heart rate [HR] ), increased sweat rate and plasma volume and a decreased core temperature (T c ) and mean skinincreases the capacity for prolonged exercise in the heat (Shvartz et al. 1973; Buono et al. 1998; Saat et al. 2005 ; Thomas et al. 2006) , however, the most appropriate and precise adaptation protocols for optimising heat adaptation remain debated (Armstrong et al. 1987; Houmard et al. 1990; Montain et al. 1994) . The acclimation protocol applied in the current study was designed to correspond with the athlete's tapering period for the 2007 Marathon Des Sables. Briefly, the race is a 6-day, 151-mile (243 km) endurance race across the Sahara Desert in Morocco. The race days are divided into lengths of 25, 34, 38, 82, 42 and 22 km with an average daytime temperature of up to 50°C (approximately 120°F). Participants are required to carry their own food and sleeping equipment during the race; however, they are provided with water throughout the course (the amount being dependent upon the distance covered that particular day [range 9 to 22 l·day −1 ]).
In addition to central and peripheral adaptations, the role of heat shock proteins (Hsp) at the cellular level during heat stress and exercise has received an increasing amount of attention (Moseley 1997; Fehrenbach et al. 2001; Walsh et al. 2001; Fehrenbach et al. 2005) . It is well known that heat and exercise greatly accelerate the synthesis of the inducible Hsp, especially Hsp70 (Riabowol et al. 1988; Walsh et al. 2001; Marshall et al. 2006; Lovell et al. 2007 ). Hsp70 is thought to have both a cellular (Welch and Feramisco 1984) and systemic protective role (Walsh et al. 2001; Broquet et al. 2003; Hunter-Lavin et al. 2004) . For example, an important role of Hsp70 is to act as molecular chaperons by binding to denatured proteins whilst acting as catalysts for the assembly of protein complexes (Beckmann et al. 1990; Morimoto et al. 1997 ). There have been several studies showing the up-regulation of Hsp70 during different types of exercise in normal or increased temperatures. Furthermore, a number of cross-sectional studies have suggested a role of Hsp70 in the cellular adaptation to heat acclimation (Moseley 1997; Maloyan et al. 1999; Arieli et al. 2003) . However, to our knowledge, this would be the first report showing Hsp70 levels during consecutive days of intermittent heat exposure giving rise to heat acclimation. Therefore, the aim of this study was to document the alterations in the serum Hsp70 response during a 15-day heat acclimation protocol in a 29-year-old male ultra marathon runner.
Materials and methods

Subject
A male ultra marathon runner (age=29 years, height= 177 cm, weight=74.5 kg [pre-acclimation] 
Preliminary testing
The subject reported to the laboratory to undertake an incremental exercise test to exhaustion to establish both PPO and maximum HR 48 h before the initial exercise-heat exposure for purposes of prescribing the subsequent exercise intensity. Before the test, the subject was fitted with a chest strap for HR telemetry (S810i, Polar Electro, Finland), and HR was recorded beat-by-beat. The test was conducted on a SRM cycle ergometer (Schroberer Rad MeBtechnik, Germany) and began with a warm-up at 50 Watts (W) for 2 min. Thereafter, the resistance was ramped at 4 W in 10 s (equivalent to 24 W·min −1 ) intervals until volitional fatigue. Expired gas was sampled breath-bybreath using an automated open-circuit gas analysis system (Quark b2; Cosmed Srl, Rome, Italy). The gas analysers were calibrated immediately before the test using ambient air, assumed to contain 20.93% oxygen and 0.03% carbon dioxide, and certified standard gases containing 16.00% (SD=0.02%) oxygen and 5.00% (SD=0.02%) carbon dioxide (Cryoservice, Worcester, UK). The turbine flow meter used for sampling respired air flow was calibrated with a 3-l calibration syringe (Hans Rudolph, Kansas City, Missouri, USA).
Experimental design
The subject reported to the laboratory at 10.00 A.M. every morning for 15 consecutive days. At arrival, the subject was asked to provide a urine sample, after which nude body mass (NBM) was recorded (SECA Beam Pillar scale, model LS710). The subject then inserted a rectal thermistor (RECT, Model 401, Yellow Springs Instruments, Yellow Springs, Missouri, USA; accuracy ±0.2°C) 10 cm past the anal sphincter for measurement of T c . After 5 min of seated rest (allowing for postural stability), a pre-exercise blood sample was drawn by a standard venipuncture technique from the antecubital vein (Vacuette®, Greiner Bio-one, UK) for subsequent baseline analysis of serum Hsp70 concen-trations and serum osmolality. Finally, baseline body temperature and HR measurements were obtained in the temperature-controlled laboratory (data was sampled with a Squirrel 1000 series data logger, Gant instruments, UK). The subject was thereafter brought to a pre-heated, temperature-controlled room (average WBGT=31.9±0.9°C) where he began the exercise trial, cycling on a friction braked (Monark, model 824E, Varberg, Sweden) cycle ergometer at 50% VO 2 max (75 rpm), 150 W. This intensity was maintained until the subject could not hold the cadence, and henceforth the resistance was lowered to the subject's comfort level until completion of the 90-min protocol. The subject was allowed to freely adjust his PO to better replicate the physiological strain of the self-selected workloads characterised during ultra marathon running (Reilly et al. 2006) . The subject was allowed a 5-min rest period inside the heated room after every 25 min of cycling. Room and T c were measured continually throughout the trial. The subject was allowed to drink water ad libitum, and the total consumed volume was recorded for subsequent calculation of sweat rate (calculated as pre-NBM−post-NBM+volume of consumed water during the session)/duration of the session). Directly after the exercise trial, NBM, a urine sample and blood samples were taken as during the preexercise condition.
Blood samples
Venous blood was collected pre-and post-exercise into a serum separator tube (5 ml; Vacutainer® SST serum separator tube, Greiner bio-one, UK). The serum separator tubes were allowed to clot for 30 min at 4°C and thereafter centrifuged for 10 min at 1,000×g at 4°C, after which the serum was aliquoted and frozen at −80°C for subsequent analysis of serum Hsp70.
Urine and blood osmolality
The urine and plasma were measured for osmolality everyday before each trial to ensure that the subject was sufficiently euhydrated. Osmolality was determined by freezing point depression analysis (Advanced instruments, model 3320, Norwood, Massachusetts, USA).
Hsp70
Serum Hsp70 concentrations were measured by a commercially available ELISA kit (R&D systems) according to the manufacturer's instructions. Serum Hsp70 concentrations were quantified by interpolating the absorbance readings from a standard curve generated from a series of calibrated Hsp70 protein standards provided (R 2 =0.9986). Absorbance readings were measured at 450 nm (Biotek Synergy HT-R, Biotek Instruments, Vermont, USA). All samples were run in duplicates where after the mean was calculated and reported. All serum samples were measured for total protein using Coomassie Plus Assay Reagent (Pierce Biotechnology, New Berlin, Wisconsin, USA). A 300-μl aliquot of the Assay reagent was added to 10 μl of the samples on a 96-well microplate, and the absorbance was measured at 595 nm.
Statistical analysis
The relationship between the pre-exercise serum Hsp70 concentration and any subsequent change in serum Hsp70 concentration in response to training for each training bout was analysed using a two-tailed Spearman's rank correlation. A non-parametric correlation was used because the Q-Q plots indicated that the normality assumption might have been violated. Conventional statistical tests can be used to analyse serial data from a single subject if autocorrelation is not substantial (Kinugasa et al. 2004 ). Since the Ljung-Box Q statistic at lags around one quarter along the data set were statistically insignificant, our data were not deemed to be serially dependent (SPSS 2004) . Alpha was set a priori at 0.05. Statistical analyses were completed using SPSS® for Windows software (release 15.0; SPSS, Chicago, IL).
Results
Thermoregulation, sweat rate and serum osmolality
The resting T c decreased from 36.9°C at day 1 to 36.4°C at day 15 as shown in Fig. 1 . The heat acclimation resulted in an increase in end T c every day with an average increase of 2.4±0.2°C from rest. End exercise T c decreased from 39.2°C on day 1 to 38.9°C on day 15. The subject had the lowest end T c (38.4°C) on day 14 (Fig. 1) , although he, on that day, produced one of the highest average PO of the 15 days (150 W) (Fig. 2) . The subject's average sweat rate increased from 1.9 l·h −1 during the first 3 days to 2.5 l·h −1 in the last 3 days. The average serum osmolality was pre-exercise 289 mmol/l and post-exercise 295 mmol/l. There was no correlation between the changes in serum osmolality, sweat rate or serum Hsp70 between the days.
Heart rate
Resting HR decreased 6 beats·min −1 during the acclimation protocol as shown in Fig. 1 . HR data from three representative trials (days 1, 5 and 15) are presented in Fig. 2 . The data shows a clear decrease in HR during the first 40 min from day 1 compared to day 15 with a constant PO. As a result of the heat acclimation (Hargreaves and Febbraio 1998) , the subject held the cadence for longer as the protocol progressed. This explains, for example, why the HR on day 15 is higher during the last 30 min compared to days 1 and 5 (Fig. 2) .
Power output
Average PO over the 15-day heat acclimation is presented in Fig. 2 . The subject started cycling at 50% of VO 2 max (75 rpm), 150 W. This intensity was, however, only maintained until the subject could not hold the cadence where after the PO was decreased. As shown in Fig. 2 , the subject increased his average PO from 108 W on day 1 to 150 W on days 14 and 15. The subject maintained an output of 150 W for 40 min on day 1 before decreasing his PO stepwise, whereas he maintained an output of 150 W for the whole trial on day 15 (Fig. 2) .
Hsp70
An increase in the levels of serum Hsp70 was seen after 12 out of 15 days compared to the resting values, as shown in Fig. 3 (Table 1 ). Figure 3 also shows that the changes between pre-and post-exercise were most pronounced during the first 5 days of the trial. The resting levels of serum Hsp70 were seen to increase over the heat acclimation period, whilst there was a significant inverse correlation between the percentage change between preand post-exercise and the resting serum Hsp70 levels Fig. 4 ). There were no differences in total protein between the samples (data not shown).
Discussion
The primary aim of this case study was to investigate the alterations in serum Hsp70 during a 15-day heat-exercise acclimation protocol on a male ultra marathon runner. We found an increase in basal levels of serum Hsp70 over the 15 days and that the increase in serum Hsp70 during exercise was inversely correlated to the resting values of serum Hsp70. This is, as far as we know, the first report showing serum Hsp70 levels during consecutive days of intermittent heat exposure. As the primary aim of this study was to observe the serum Hsp70 response during heat acclimation, we needed to ensure that our subject was achieving the appropriate adaptations to the heat. In doing so, we continuously measured the T c , HR, sweat rate and PO during the 15-day period. The results obtained show that the subject was successfully heat acclimated, as was seen by his lowered HR at rest and during exercise, decreased resting and exercising T c and an increased PO (Shvartz et al. 1973; Buono et al. 1998; Saat et al. 2005) .
In general, heat acclimation adaptations serve to reduce physiological strain, improve the ability to exercise in a hot environment and reduce the incidence of heat illness (Armstrong and Maresh 1991) . Earlier studies have concluded that T c is perhaps the single most critical factor for fatigue during heat stress (Nielsen et al. 1993; Gonzalez-Alonso et al. 1999) . We found a reduction in resting T c of 0.5°C, which, according to previous studies, is a substantial and an important decrease (Buono et al. 1998; Saat et al. 2005) . We also found an overall decrease in end T c of 0.3°C, which is consistent with previous studies (Wyndham et al. 1976; Saat et al. 2005) .
The decrease in HR (6 beats·min −1 ) is also consistent with previous studies (Wyndham et al. 1976; Buono et al. 1998; Saat et al. 2005) . As HR at rest and during exercise decreased, we can expect that the subject had an increased plasma volume, and subsequently, also an increased stroke volume (Wyndham et al. 1976 ). An expanded plasma volume will not only result in a decreased HR, it will also allow more blood to be shunted into the peripheral circulation to aid convective cooling (Patterson et al. 2004 ).
Hsp70
Whilst there are numerous human studies looking at Hsp70 during thermotolerance and exercise (Riabowol et al. 1988; Walsh et al. 2001; Fehrenbach et al. 2005; Marshall et al. 2006; Lovell et al. 2007) , there have been very few human studies monitoring the Hsp70 response during actual heat acclimation and exercise. Thermotolerance is defined as the organism's ability to survive an otherwise lethal heat stress from prior heat exposure, and heat acclimation is defined as the body's ability to perform continuous work in an elevated, but non-lethal, environmental temperature (Moseley 1997) . There is, however, evidence showing that thermotolerance and the long-term heat acclimation are linked and that the thermotolerance response activates long-acting cellular mechanisms (Moseley 1997; Horowitz 1998) . As expected, we found an increase in serum Hsp70 after exercise during the first days of the protocol (Fehrenbach et al. 2005; Marshall et al. 2006) . Furthermore, lower levels of serum Hsp70 were measured after the second day of exercise compared to the first, indicating initial desensitisation of the heat shock response, which represents the development of thermotolerance. Thus, our data is consistent with previous studies conducted on thermotolerance in humans (Riabowol et al. 1988; Walsh et al. 2001; Marshall et al. 2006; Lovell et al. 2007 ). Furthermore, the increase in serum Hsp70 during exercise was inversely correlated to the resting values of serum Hsp70. Days with high pre-exercising serum Hsp70 levels generally had a smaller increase after exercise. It is interesting to note that Gjøvaag and Dahl (2006) showed the same correlation between pre-exercise values and postexercise increase of Hsp70 in human muscles biopsies measured over 5-8 weeks of exercise (Gjovaag and Dahl 2006) . A similar relationship was found by Boshoff et al. (2000) in heat shock-treated human mononuclear cells (Boshoff et al. 2000) . It was hypothesised that this inverse relationship between the basal levels and the increase in Hsp70 was due to the role of Hsp70 as a negative feedback regulator in the inducible transcription of hsp70 genes through the interaction with the heat shock transcription factor (Boshoff et al. 2000) . Moreover, we found that the basal levels of serum Hsp70 increased over the acclimation protocol. Similar results were found during a recent study conducted in our laboratory showing a trend towards higher basal levels of Hsp70 after 21 days of exercise-heat acclimation on six male subjects (Lovell et al, unpublished results) . These results are also in agreement with previous animal studies where they have shown that heat-acclimated animals have higher basal levels of Hsp70 and an accelerated rate of Hsp70 induction when challenged to heat stress (Gehring and Wehner 1995; Horowitz et al. 1997; Maloyan et al. 1999; Arieli et al. 2003) . This, therefore, allows for the conclusion that our data is indeed showing a change in the cellular response to heat acclimation, which is different from that of thermotolerance. Possible explanations for the elevated basal Hsp70 levels have previously been suggested based on information from animal studies. One such an explanation is the dual role of heat shock proteins as chaperone and cytokine. Hsp70 acts as a chaperone during acute heat shock to, for example, protect the misfolding of proteins (Beckmann et al. 1990; Morimoto et al. 1997) . It is also suggested that basal Hsp70 is up-regulated after exercise-heat acclimation to protect against delayed thermal injury by providing cytoprotection without the need for de novo protein synthesis (Maloyan et al. 1999; Horowitz 2002) . Furthermore, Hsp70 when released into the circulation acts as a cytokine to activate an immune response and, therefore, plays an important role after exercise (Asea et al. 2000; Walsh et al. 2001) . Hence, it could be hypothesised that the strenuous exercise conducted in this study together with the heat increases the need for higher basal Hsp70 levels to act as a cytokine and a chaperone.
Several studies and the present have shown increased levels of Hsp70 with exercise. The concentration of serum Hsp70 is a result of the release into and the uptake from the circulation. The origin of the released Hsp70 to the circulation is, however, still unknown. A variety of human cells and tissues like the brain, liver and leucocytes have been shown to increase their expression of Hsp70 in response to exercise and could, therefore, be responsible for the increase in serum Hsp70 levels (Asea et al. 2000; Fehrenbach et al. 2000; Febbraio et al. 2002; Lancaster et al. 2004 ). Further work is required to assess the full biological significance of the changes in extracellular Hsp70 after heat exercise.
There is a clear difference in reported serum Hsp70 values between studies (Walsh et al. 2001; Banfi et al. 2004; Marshall et al. 2006; , which could according to Whitham and Fortes (2006) , be due to the effects of the blood handling during analysis. The reason for this is thought to be that Hsp70 are involved in chaperoning aggregated proteins and, therefore, bind to the proteins in the clotting process. Thus, the assayed serum levels of Hsp70 will be decreased (Whitham and Fortes 2006) .
The findings in the present study suggest that the human Hsp70 response during heat acclimation is biphasic; an initial thermotolerance resulting in relatively high changes in Hsp70 after heat exercise and a second phase, heat acclimation, giving rise to elevated basal Hsp70 levels and only a moderate increase after heat exercise (Horowitz 1998) . The results of the present study do not elucidate if the induction of serum Hsp70 is caused by heat or exercise per se. We can only assume that the increases in serum Hsp70 levels are a combination of both of them. The data further suggests that a longer heat acclimation is to be recommended (Armstrong and Maresh 1991; Voltaire et al. 2002) because the subject still had an increase in PO after 10 days, despite the fact that no extra volume of exercise was added to his training and that he was already highly trained as he had been preparing for the 2007 Marathon Des Sables for approximately 9 months.
In conclusion, this is the first report showing serum Hsp70 levels during consecutive days of intermittent heat exposure. We have shown that intermittent exercise-heat exposure gives rise to increases in the basal levels of serum Hsp70, a response different from that of thermotolerance. We also suggest that relatively longer heat acclimation protocols are beneficial to obtain the full benefit of heat acclimation inclusive of both cellular and systematic adaptations.
